Previous research showed a cut-off along homologous volatile organic compounds (VOCs) in their ability to produce acute human mucosal irritation. The present study sought to specify the particular cut-off homolog for sensory eye irritation in an acetate and n-alcohol series. A 1,900 ml glass vessel system and a three-alternative forced-choice procedure served to test nonyl, decyl, and dodecyl acetate, and 1-nonanol, 1-decanol, and 1-undecanol. Flowrate to the eye ranged from 2 to 8 L/min and time of exposure from 3 to 24 sec. Decyl acetate and 1-undecanol were the shortest homologs that failed to produce eye irritation under all conditions, producing a cut-off effect.
Introduction
Human chemoreception of airborne chemicals in the face mucosae (ocular, nasal, and oral) rests principally on two chemosensory systems: olfaction and chemesthesis.
Smell is mediated by the olfactory nerve (cranial nerve I) whereas chemesthesis (Green et al., 1990; Green and Lawless, 1991) is mostly mediated by the various branches of the trigeminal nerve (cranial nerve V). For this reason, the latter is also known as trigeminal chemoreception, and had been originally labeled "the common chemical sense" (Bryant and Silver, 2000) . Trigeminal stimulation by chemical vapors results from activation of polymodal nociceptors present in C and A delta fibers (Martin and Jessell, 1991; Silver and Finger, 1991; Belmonte et al., 2004) . In the ocular mucosa, the resulting sensation is eye irritation, a topic of both basic (Belmonte et al., 1997) and applied (Wolkoff et al., 2003) interest.
What kind of nociceptive molecular receptors might subserve the production of eye irritation from volatile organic compounds (VOCs)? Without discarding a role for G protein-coupled receptors (GPCRs) (Dong et al., 2001; Lembo et al., 2002) , already known to be major players in olfactory chemoreception (Firestein, 2004; Gaillard et al., 2004) , the most likely candidates are members of the transient receptor potential (TRP) channel family (Clapham et al., 2001) . Among them, vanilloid (e.g. capsaicin) and menthol receptors have received particular attention, especially since it was found that their responsiveness includes thermal as well as chemical stimuli: The vanilloid receptor is sensitive to warm/hot temperatures (Caterina et al., 1997; Caterina and Julius, 2001) and the menthol receptor to cool/cold temperatures (McKemy et al., 2002; Peier et al., 2002) . Furthermore, vanilloid receptors are modulated by H + (Szolcsányi et al., 1994; Caterina and Julius, 2001) , activated by chemicals structurally distinct from vanilloids (Szallasi et al., 1996) , and even stimulated/potentiated by an unrelated VOC, such as ethanol (Trevisani et al., 2002) . In this way, the vanilloid receptor seems to integrate a multiple and diverse range of stimuli (Tominaga et al., 1998) . In turn, it has been shown recently that cold-sensitive TRP receptors are also activated by a variety of pungent (i.e., irritating) compounds and by bradykinin, a peptide released from tissue injury and inflammation (Bandell et al., 2004) . This leads us to the added possibility that some VOCs, perhaps those most reactive towards tissue, could act indirectly by damaging epithelial cells producing the release of intracellular chemical triggers of nociception such as K + , H + , ATP, and glutamate. In particular, ATP can activate P2X receptors (Cook and McCleskey, 2002) , and it has been shown that some VOCs (e.g., benzaldehyde, toluene, acetophenone) can modulate P2X 2 receptor-mediated currents in trigeminal neurons, although they are not able to activate them directly (Spehr et al., 2004) . These results and the fact that a myriad of vapor compounds are capable of evoking eye irritation and nasal pungency in humans (see (Cometto-Muñiz, 2001 ) suggest that chemesthesis from VOCs rests on a system of receptors characterized by wide range of chemical tuning.
We have hypothesized that the chemesthetic potency of non-reactive VOCs (Alarie et al., 1998) , that is, VOCs unlikely to damage mucosal tissue simply upon a brief vapor exposure, would rest heavily on "selective" or "transfer" processes rather than on chemically-and structurally-restricted "specific" interactions. In agreement with this line of thought, a solvation equation (Abraham, 1993; Abraham and Weathersby, 1994 ) that models transfer processes across biological matrices successfully described and predicted human psychophysical thresholds for nasal pungency ) and eye irritation , obtained under standardized conditions, for four dozen or more chemically diverse VOCs. This quantitative structureactivity relationship (QSAR) is based on up to five general physicochemical parameters, or descriptors, for VOCs that do not include any specific molecular size or structural limitation. The solvation equation takes the following form (Abraham, 1993; Abraham and Weathersby, 1994) :
where SP refers to a chemosensory threshold . The descriptors (capital letters in bold) in equation (1) , the VOC gashexadecane partition coefficient at 298K. The constant c and the coefficients e, s, a, b, and l are found by multiple linear regression analysis. However, they are not merely fitted coefficients since they reflect the complementary physicochemical properties of the biophase that would be most receptive to the VOCs, i.e., they provide a description of the chemical environment of the receptor(s) . The most recent update of this equation combines eye irritation thresholds (EIT) measured in humans for 23
VOCs with modified Draize test scores (MMAS/P°) measured in rabbits for 68 VOCs and reads as follows : Studies measuring nasal pungency thresholds along and across homologous series (reviewed in (Cometto-Muñiz, 2001 ) have indicated the existence of a cut-off in chemesthetic potency at a certain carbon-chain length. In other words, a homolog is reached such that its saturated vapor at room temperature fails to evoke chemesthesis. All larger homologs fail as well. Cut-offs have been observed for other biological processes, for example, anesthesia (Franks and Lieb, 1985) . The descriptors in equation (2) can only predict a cut-off if the chemesthetic threshold comes out higher than the saturated vapor concentration of the VOC at room temperature (≈23°C). In contrast, if the cut-off rests on a structural/size molecular limitation, it could not be accommodated by any of the above descriptors used in the solvation-based chemesthetic QSAR.
In the present study, we set out a series of experiments to specify the cut-off homolog for sensory eye irritation in a series of acetate esters and n-alcohols where previous research had suggested such effect (Cometto-Muñiz and Cain, 1990, 1991) . The response we are focusing on is an acute, transient sensory response at the interface between detection and no-detection, conveying an early warning of potentially noxious vapors (Belmonte et al., 1997 ) that, at these very low and brief levels of stimulation, precedes any ophthalmic clinical signs (e.g., Podlekareva et al., 2002) . We also investigated whether a failure to produce eye irritation could be overcome by increasing vapor concentration via heating the liquid stimulus source. This investigation represents the first step in an effort to gather information on the identity of cut-off homologs, and will be followed by studies covering additional chemical series in order to look for size, structural, and physicochemical commonalities among cut-off compounds. The information obtained could be used to update the QSAR equation with the addition of a new descriptor, most likely based on molecular dimensions, accounting for the cut-off phenomenon. As an antecedent to this, we have shown for olfactory thresholds that our QSAR equation, apart from descriptors for "selective" effects, can indeed incorporate descriptors for more "specific" effects such as molecular size and chemical functionality when they are relevant to the psychophysical results (Abraham et al., 2002 (Cain, 1989) .
Stimuli. Three homologous acetates served as stimuli: nonyl (97+%, Food Chemical Codex, FCC, quality), decyl (95+%), and dodecyl (98+%) acetate. Stimuli were stored and presented as vapors from the headspace of a specially designed 1,900-ml glass vessel-system, adapted for eye irritation testing , and containing 200 ml of the neat chemical ( Figure 1 ). The actual vapor-phase concentration of the stimuli was measured by gas chromatography (flame ionization detector, FID) using a calibration curve for mass, specific for each chemical (Cometto-Muñiz et al., 2003) . The resulting concentrations in ppm by volume (±SD) were: 54 (±15), 29 (±8), and 2.6 (±0.58) for nonyl, decyl, and dodecyl acetate, respectively, at 23 °C.
Insert Figure 1 about here Procedure. Eye irritation detectability was tested at three durations of exposure: 6, 12, and 24 sec and at three flowrates of delivery: 2, 4, and 8 L/min. Thus, there were 27 different stimuli (3 chemicals x 3 durations x 3 flowrates). To avoid depletion of the headspace in the bottles, we prepared each chemical in triplicate and we did not present any stimulus bottle a second time until the other two identical bottles with the same chemical had been presented once. We employed a three-alternative forced-choice (3AFC) procedure against blanks containing mineral oil (light, FCC quality). Subjects wore noseclips during testing to avoid odor clues. An interval of at least one minute elapsed between successive triads. Participants were instructed to end the exposure in the unlikely event that a clear irritation was felt, and that it was important not to proceed with the next stimulus until all previous sensations (if any) had completely disappeared. We stress that all stimuli presented were at the very border of detection/no detection. After testing a triad, the subject selected the stimulus that felt "different" from the other two, guessing if necessary, and rated the confidence in the decision on a scale from 1 (not confident at all) to 5 (extremely confident). The 3AFC procedure just described controls Data analysis. Tallying the outcome of the 3AFC procedure employed renders the number of corrects trials (i.e., cases where stimulus was selected) out of the total number of trials. The ratio number of correct trials / total number of trials produces a proportion correct, p(c). We know that solely by chance we expect p(c) = 0.33 or 33%. In order to quantify detection above chance we apply the following correction formula (Macmillan and Creelman, 1991) :
where P = detection probability (i.e., detectability) corrected for chance, p(c) =
proportion correct, and m = number of choices in the forced-choice procedure (in our case, 3). So the formula reduces to:
Thus, this expression provides a value for P ranging from 0.0, i.e., chance detection Subjects. Nine subjects (7 females, 2 males) participated. Their average age (±SD) was 25 (±8) years. All were normosmics. One subject (female) had participated in Experiment 1. One female (21 years old) was a smoker and another female (18 years old) used contact lenses but did not wear them on testing days. The rest of the participants were nonsmokers and did not use contact lenses.
Stimuli. Three homologous n-alcohols served as stimuli: 1-nonanol (98+%, FCC), 1-decanol (98+%, FCC), and 1-undecanol (98+%). Stimuli were stored and presented via glass vessels as in Experiment 1. The actual vapor-phase concentration of the alcohols was also measured by gas chromatography (flame ionization detector, FID) using a calibration curve for mass, specific for each chemical (Cometto-Muñiz et al., 2003) . The resulting concentrations in ppm by volume (±SD) were: 85 (±20), 33 (±9), and 8.2 (±1.9) for nonanol, decanol, and undecanol, respectively, at 23 °C.
Procedure. Eye irritation detectability was tested at three durations of exposure: 3, 6, and 12 sec and at three flowrates of delivery: 2, 4, and 8 L/min. Thus, there were 27 different stimuli (3 chemicals x 3 durations x 3 flowrates). Since at the durations of exposure used in Experiment 1 (6, 12, 24 sec), time played a non-significant role, we decided to speed up testing sessions and to reduce the load to the participants by dropping the longest exposure (24 sec) and replacing it by a 3 sec exposure. All other aspects of the procedure were identical to those in Experiment 1 Experiments 1 and 2 determined that a cut-off in the ability to evoke eye irritation in our experimental conditions is first reached at the level of the homologs decyl acetate and 1-undecanol in the acetate and n-alcohol homologous series, respectively. Since the chemicals were presented neat from the glass vessels, their vapors represented the saturated vapor concentration at room temperature (≈23°C). One way to increase such concentration is to heat the vessels to a higher temperature. As described below, we used water baths to heat the glass vessels and achieve a higher vapor concentration of decyl acetate and 1-undecanol, in order to test if, under those conditions, the homologs could then evoke eye irritation.
Subjects. Twelve subjects participated (4 males, 8 females). Their average age (±SD) was 27 (±10) years. All were normosmics and nonsmokers. One subject (female) had participated in Experiments 1 and 2, another (male) had participated in Experiment 1, and three others (1 male, 2 females) had participated in Experiment 2. One of these latter females used contact lenses but did not wear them on testing days. All other participants did not use contact lenses.
Stimuli. Four of the six chemicals specified in Experiments 1 and 2 were tested: nonyl acetate, decyl acetate, 1-decanol, and 1-undecanol. The same glass vessel system as described above was used for stimulus storage and delivery. Nonyl acetate and 1-decanol were presented at room temperature (≈23 °C). Glass vessels containing decyl acetate and undecanol, and their respective mineral oil blanks, were heated in a calibrated water bath to keep the temperature in the headspace of the vessels at 37°C. Air that fed vessels located in the water bath passed through coiled tubing immersed in the heated water in order to reach the vessel at the proper temperature within the flowrate range 4 to 8 L/min and within the time-of-flowing range 0 to 20 sec. Measurements taken with a thermocouple (Omega Instruments) confirmed that air and air+stimulus exiting the vessels within these range of conditions did so at 37.5(±0.53)°C. In this experiment, all presentations had a flowrate of 4 L/min and a duration of 6 sec. The concentration of the stimulus (±SD) in the headspace of the heated bottles, measured by gas chromatography, showed decyl acetate at 77±8 ppm (vs. 29±8 ppm at 23°C) and undecanol at 67±4 ppm (vs. 8.2±1.9 ppm at 23°C).
Procedure. As in Experiments 1 and 2, we used a three-alternative forced-choice procedure with irregular order of presentation of: 1) stimulus and blanks within triads and 2) chemicals across triads. Stimuli were prepared in quintuplicate and no bottle was sampled a second time until all other bottles containing that chemical had been sampled once. Each subject provided 20 judgments per stimulus. This produced a group total of 240 judgments per stimulus.
Data analysis. Same as in Experiment 1.
Results Figure 6 illustrates the results from Experiment 3. Unheated nonyl acetate and 1-decanol where re-tested here as positive controls, that is, VOCs for which, based on Experiments 1 and 2, we would expect detection to occur above chance. For nonyl acetate, the detectability value taken from Experiment 1 includes all exposure times since, for the acetates, the factor time was non-significant. Figure 6 shows that, for nonyl acetate, the detection probabilities obtained in Experiments 1 and 3 were close, both around 0.30. For 1-decanol, the detectability value taken from Experiment 2 includes only the 6 sec exposure since, for the alcohols, time was significant. Figure 6 shows that, also for 1-decanol, the detection probabilities obtained in Experiments 2 and 3 were very and heated (37 °C) decyl acetate and 1-undecanol
The low levels of detectability of decyl acetate and 1-undecanol, whether unheated or heated, and the inherent variability across subjects left doubts about the role that increasing vapor concentration played in the detectability of these stimuli. In a direct test to quantify any possible significant increase in detectability of the two chemicals with an increase in their vapor concentration, we ran an experiment where the same group of subjects, in the same testing sessions, sought to detect decyl acetate and 1-undecanol presented unheated and heated in irregular order.
Materials and Methods
Subjects. Twelve subjects (6 males, 6 females) participated. Their average age (±SD) was 27 (±9) years. All were normosmics and did not use contact lenses. All but one male were nonsmokers. Six subjects (3 males, 3 females) had participated in Experiment 3. Of them, one subject (female) had also participated in Experiments 1 and 2, another (male) had also participated in Experiment 1, and still another (male) had also participated in Experiment 2.
Stimuli. Two chemicals (decyl acetate and 1-undecanol) were tested under two conditions, 23 °C and 37 °C. Presentation of unheated and heated stimuli was analogous to that in Experiment 3, including a flow rate of 4 L/min and a 6 sec exposure time.
Procedure. As in all previous experiments, we used a 3-alternative, forced-choice procedure and the order of stimulus and blanks within a triad and of stimuli across triads was irregular. Each stimulus (i.e., combination of chemical and temperature) was prepared in quintuplicate and no bottle was sampled a second time until all other bottles containing that stimulus had been sampled once.
Results Figure 7 shows that increasing the vapor concentration of decyl acetate and 1-undecanol did produce an increase in their detectability via eye irritation. The outcome of a repeated measures ANOVA with two factors (chemical and heating condition) revealed that the increase was significant (F(1,11) = 8.66, p = 0.013 for the factor "heating condition"), but that neither the factor "chemical" nor the interaction "chemical x heating condition" were significant.
Insert Figure 7 about here
The larger variability of the data from the heated condition (see standard error bars in Figure 7 ) and the availability of enough data from each subject prompt a look at the individual data (Figure 8 ). For both decyl acetate and undecanol tested under the heated condition, the outcome revealed that about half the subjects clearly increased their detectability of the stimulus whereas the other half did not. The division did not appear to be gender-related since the two groups included both females and males. In the case of decyl acetate, the unheated stimulus failed to be detected clearly above chance by most subjects (-0.2≤P≤0.2) but two subjects did detect it at P=0.4 and P=0.6, respectively.
Detection of the unheated decyl acetate did not guarantee increased detectability of that stimulus when heated since the second of these two subjects detected the heated chemical (P=0.6) no better than the unheated one. In contrast, in the case of 1-undecanol, the unheated stimulus failed to be detected clearly above chance by any of the participants (-0.2≤P≤0.2). As mentioned above, when decyl acetate and 1-undecanol were heated they became detectable (to various degrees: 0.2≤P≤0.7) for about half the subjects.
Insert Figure 8 Once the cut-off homologs were defined for both series, we explored the possible basis for the effect. In other physiological processes where a cut-off effect is observed, for example anesthesia (Franks and Lieb, 1985) , at least two different mechanisms have been proposed (Franks and Lieb, 1990) . Under a physical mechanism, there is not enough concentration of stimulus in the vapor to reach detection. Under a biological mechanism, the stimulus lacks a key property to trigger transduction; for example, a molecule could exceed the size that allows it to interact effectively with a target site or to fit into the binding pocket of a receptive macromolecule. By heating the vessels containing the neat chemicals from room temperature (≈23 °C) to 37 °C we increased the vapor concentration 2.7 times for decyl acetate and 8.2 times for 1-undecanol. The group results of Experiments 3 and 4 revealed that, under the new condition, both cut-off homologs now became detectable at a low ( Figure 6 ) but significant (Figure 7 ) level. Inspection of the individual data for the 12 participants revealed a sharp contrast, for both decyl acetate and 1-undecanol, between the half for whom detectability clearly increased and the other half for whom detectability remained unchanged, typically close to chance level ( Figure   8 ).
As mentioned in the Introduction, in cellular and subcellular experimental models, heat has been shown to activate vanilloid receptors but only in the noxious range, i.e., above 43°C (Caterina et al., 1997) . Thus, even if vanilloid receptors are involved in the eye irritation response to VOCs of the sort tested in the present experiments, it seems unlikely that the precipitation of detection for heated VOCs responded simply to the increase in temperature of the vapor to 37°C, the normal body temperature. Still, the observation that certain factors, e.g., elevated H + concentrations in the case of vanilloid receptors (Tominaga et al., 1998) , can sensitize a nociceptor and make it responsive to otherwise ineffective levels of a stimulus warrants consideration.
What could be the reason behind the contrast between the two subgroups of subjects? One possibility is that the cut-off homolog might vary slightly among participants, perhaps due to genetic variability in the receptor(s) involved. For those subjects who failed to detect decyl acetate and/or 1-undecanol even when heated, the mechanism of a biological cut-off remains a possibility. For the other half of the subjects that began to show an above-chance level of detection of the stimulus(i) when heated, we can say that, if there is a biological cut-off, it is not at the level of the presently tested chemical(s). Figure 9 presents values of: a) saturated vapor at 23°C, b) saturated vapor at 37°C, and c) measured (Cometto-Muñiz and Cain, 1990, 1991) or predicted (from equation (2)) eye irritation thresholds (EIT) as a function of the variable (i.e., alkyl group for acetates) carbon chain length of acetates and n-alcohols. It illustrates how the trend for EIT reaches or surpasses the value of saturated vapor concentration at 23°C, thus producing a potential physical cut-off at the levels of decyl acetate and 1-undecanol. In turn, Figure 10 also plots saturated vapor at 23°C and EIT for acetates and n-alcohols but as a function of D, the longest unfolded length of the molecule. This straightforward size parameter has proven to be a significant factor in quantifying olfactory potency in homologous series (Abraham et al., 2002) . The outcome shows that the cut-off appears in both series at a very restricted value of D, between 18 and 19 Å, suggesting a biological cut-off.
Insert Figures 9 and 10 about here
Additional data from more homologous series need to be gathered before the issue of the cut-off can be better understood. Among such series we can mention ketones, alkylbenzenes, carboxylic acids, aldehydes, and terpenes. As the results begin to accumulate, commonalities in both structural and physicochemical features among cutoff homologs can be searched for. The existence of a physical, a biological, or a combination of both restrictions for a vapor to be able to evoke mucosal chemesthesis is a relevant parameter for understanding the integrated range of chemical tuning across the various receptors involved. Ultimately, this information can be captured in a new parameter on the QSAR solvation equation for ocular and nasal chemesthesis , further expanding its applicability and predictive ability. (Riddick and Bunger, 1970; Boublík et al., 1984; Stephenson and Malanowski, 1987) , and of measured or predicted EIT for homologous acetates (top) and n-alcohols (bottom) plotted as a function of variable carbon chain length. EIT for dodecyl acetate and for 1-decanol, 1-undecanol, and 1-dodecanol are predicted from equation (2); the rest are measured values (ComettoMuñiz and Cain, 1990, 1991) . The arrow marks the point at which the EIT reaches (acetates) or surpasses (alcohols) the maximum available vapor concentration at 23°C.
This occurs at the level of decyl acetate and 1-undecanol, respectively, the same homologs for which we experimentally found the cut-off in eye irritation. The arrows mark decyl acetate and 1-undecanol, the experimentally found cut-off homologs. Carbon chain length Molecule longest distance (Å)
